The present study explores the maintenance of a segregation distortion in the phytopathogenic fungus Microbotryum violaceum (anther smut). Some individuals of this species produce spores with completely biased sex ratio because of the presence of haplo-lethal alleles linked to the mating-type gene. To test the different hypotheses proposed to explain the maintenance of these haplo-lethal alleles (diploid advantage to counterbalance haploid deleterious effects, neutrality of haplo-lethal alleles only in populations with high interstrain competition, and complete neutrality), sex-ratio bias was investigated in natural European populations of M. violaceum from Silene latifolia and other species of Caryophyllaceae. The negative relationship observed between proportions of strains expressing a sex-ratio bias and disease prevalence was opposite the one predicted by the second hypothesis. On the contrary, the pattern of the variances, with proportions of biased strains more extreme in smaller populations, fitted perfectly with the prediction of the third hypothesis. Experimental studies are now needed to confirm the complete neutrality of the haplo-lethal alleles linked to the mating-type gene in M. violaceum.
Introduction
Segregation distortion (one gene segregating in excess of the Mendelian proportion) has been found in a wide range of organisms, from animals (Hartl et al. 1967; Silver 1985) to fungi (Nauta and Hoekstra 1993) , and it most often results from the existence of distorters (alleles killing gametes in which they are not present). The fate of distorters, however, differs dramatically between types of organisms. In animals, distorters tend to spread because they have an advantage over their nondistorter alleles, the advantage being both relative (i.e., their frequency in offspring is higher) and absolute (i.e., the number of offspring with a distorter is higher). In fungi, killing gametes affects the total number of progeny so that distorters show no gain in absolute number of progeny, although they are still relatively overrepresented in progeny. Models show that this renders maintenance of a stable polymorphism for distortion more difficult in fungi than in animals, and it seems that the presence of distorters in natural fungal populations is indeed mostly transient (Nauta and Hoekstra 1993) . The present study explores the maintenance of an unusual segregation distortion in the fungus Microbotryum violaceum. Some individuals of this species produce spores with a completely biased sex ratio, not from the presence of distorters in overrepresented gametes but from the presence of lethal alleles in nonviable gametes (Oudemans et al. 1998; Hood and Antonovics 2000) . The maintenance of such an original mechanism of segregation distortion appears even more puzzling than the existence of distorters.
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Microbotryum violaceum (Pers.) Deml and Oberw. (formerly Ustilago violacea [Pers.] Fuckel) is a pollinator-transmitted fungus, an obligate parasite of many Caryophyllaceae (Jennersten 1988; Thrall et al. 1993 ). This basidiomycete belongs to the family Microbotryaceae, close to the Uredinales. Infected plants produce teliospores instead of pollen. In dioecious plant species, infected females develop spore-bearing anthers (Day and Garber 1988) . Once deposited on a host plant, diploid teliospores undergo meiosis and give rise to four haploid cells (two of mating type A1 and two of mating type A2), forming a three-celled promycelium attached to the wall of the teliospore containing the fourth cell. Each of these cells buds off yeastlike sporidia. New infectious dikaryons are produced by conjugation of two cells (sporidia or promycelial cells) of opposite mating types (Day and Garber 1988; Hood and Antonovics 1998) .
Several studies (Garber et al. 1978; Kaltz and Shykoff 1997; Oudemans et al. 1998; Hood and Antonovics 2000) have shown that some M. violaceum strains produce teliospores all giving rise to sporidia of only one mating type (complete bias toward A1 or A2). This complete sex ratio distortion has been explained by haplo-lethal alleles linked to one mating type (Oudemans et al. 1998 ). Other M. violaceum strains produce teliospores that are also all totally biased, but some bias toward A1 and the others bias toward A2. In these strains with a complete bias at the teliospore level, the haplo-lethal allele is linked to a centromere other than the one linked to the matingtype locus (Garber and Day 1985) . Strains with a biased sex ratio still produce four cells following meiosis, but sporidia carrying the haplo-lethal allele quickly die after a few mitotic divisions (Hood and Antonovics 2000) .
Teliospores of a strain with a biased sex ratio are still able to produce an infectious dikaryon by early intrapromycelial conjugation (Oudemans et al. 1998; Hood and Antonovics 2000) , but infection probability is assumed to be lower than with nonbiased teliospores; these are able to produce many A1 and A2 sporidia and thus many conjugated pairs, leading to a higher infection probability. and Roche et al. (1995) have indeed shown that infection probability increases with the number of conjugating dikaryons. Given this apparent disadvantage of haplo-lethal alleles, the high occurrence of strains with a biased sex ratio in natural populations of M. violaceum parasitizing Silene latifolia is surprising: 52% on 252 tested strains in Virginia (Oudemans et al. 1998 ) and 14% on 29 tested strains in Switzerland (Kaltz and Shykoff 1997) .
Several hypotheses can account for the persistence at high frequencies of haplo-lethal alleles in natural populations. Haplo-lethal alleles can be maintained if they exhibit a "diploid advantage" ), but no evidence has been provided yet for such an advantage. Alternatively, two infection strategies could coexist: production of numerous sporidia giving many dikaryons and a high infection probability versus quick intrapromycelial conjugation with a lower infection probability but also with a time advantage in competition with the first strategy (only one strain usually infects a host plant; Baird and Garber 1979; Day 1980) . In populations that are polymorphic for these two strategies, haplo-lethal alleles would be neutral in individuals with the second strategy. High frequencies of haplo-lethal alleles could then occur when competition probability, that is, disease prevalence, is high. A third hypothesis is that haplo-lethal alleles could be neutral all the time. Hood and Antonovics (2000) have shown that, in vivo, intrapromycelial conjugations are the most frequent, even for strains with nonbiased sex ratio. This means that individuals with unbiased sex ratio would have no infection probability advantage over individuals with biased sex ratio. Haplo-lethal allele frequency would then only depend on mutation rate and genetic drift. In this case, bias frequencies should be more extreme (very low or very high) in small populations of M. violaceum.
Correlating proportions of strains with sex-ratio bias with characteristics of parasite/host populations and of host species should therefore help sorting out these hypotheses about the maintenance of haplo-lethal alleles. This prompted the present study, where sex-ratio bias was investigated in natural European populations of M. violaceum from S. latifolia and other species of Caryophyllaceae.
Material and Methods

Host Species
Teliospores of M. violaceum were collected from five Caryophyllaceae species. Silene latifolia is a dioecious common roadside weed that is pollinated by moths. Silene vulgaris is gynodioecious and grows in open areas similar to the habitat of S. latifolia but extending to higher elevations. Silene dioica is dioecious and more frequent in shady/moist areas. Dianthus carthusianorum is gynodioecious and common in dry and open environments at high elevation. Saponaria officinalis is hermaphroditic and found in moist areas such as stream banks.
A host population was defined as a group of plant individuals close enough to be seen by eye. This definition was easy to apply, since plants were usually clustered, and it is probably well related to effective gene flow because when pollinators change plants, they generally fly to a plant they can see.
Teliospores Collection
In S. latifolia populations, teliospores were collected in May and June 2001 from roadside populations in a km 2 60 # 30 area of the Essonne region, 20 km southwest of Paris. Flower buds of each infected flowering plant were stored in 1.5-mL or 2-mL Eppendorf tubes filled with silica gel and kept at room temperature. When more than 50 plants were infected in a population, buds were sampled from only a fraction of these, chosen at regular intervals in the population. Teliospores were collected in the same way from alpine populations of S. latifolia, S. dioica, S. vulgaris, D. carthusianorum, and S. officinalis in Switzerland and Italy in July 2001 ( fig. 1 ; table 1). Open flowers but no buds were collected from D. carthusianorum because teliospores were often not mature enough in buds.
We compared our results with previous studies of sex-ratio bias of M. violaceum on S. latifolia from the Swiss-German border (Kaltz and Shykoff 1997) and from Virginia (Oudemans et al. 1998).
Sex-Ratio Bias Test
For each infected plant (p1 fungus strain), one anther full of teliospores was suspended in sterile tap water and plated on GMB1 medium (50 mL L Ϫ1 GES macroelements, 20 mL
Phytagel, 2 g L Ϫ1 agar, qsp. distilled water) at the right dilution to obtain several separated colonies and incubated at 25ЊC (no conjugation occurs on rich medium at this temperature). After 10-15 d, each teliospore gave rise to a colony of sporidia called a teliocolony. For each fungal strain, the sex ratio of six teliocolonies was tested. Half of each teliocolony was mixed in sterile tap water with a suspension of A1 reference sporidia, and the other half used A2 sporidia. Note. The first five species shown were from the Alps; the sixth was from Essonne. a Total proportion of biased strains includes those with a total bias of undetermined type. b For S. officinalis, A1 and A2 bias directions were assigned randomly and are not related to the other assignments in the table.
THOMAS ET AL.-SEX-RATIO BIAS IN MICROBOTRYUM VIOLACEUM
Sporidia suspensions (40 mL) were incubated in Elisa plates at 10ЊC (favorable conditions for conjugation) for 4-5 d. Suspensions were then examined for conjugates at #40 magnification using a light microscope. Strains were considered to have a sex ratio that (1) biased toward A1 when conjugations were observed only with A2 sporidia for all six colonies tested, (2) biased toward A2 when conjugations were observed only with A1 sporidia for all six colonies tested, and (3) biased at the teliospore level when conjugations were found only with A1 for some teliospores and only with A2 for the other tested teliospores. Forty strains were tested twice ( teliospores), 2 # 6 and the second test was always consistent with the first one.
Statistical Analysis
Statistical tests were performed with JMP software (SAS Institute 1995). Using G log-likelihood tests (Zar 1984) , we tested whether the number of strains expressing sex-ratio bias differed among populations and host species as well as whether bias was as likely to be toward the A1 or A2 mating type. To test whether there were more strains with sex-ratio bias in populations with more competition for infection, logistic regressions were performed between disease prevalence (assumed to be correlated with competition intensity) and presence or absence of sex-ratio bias in all strains from populations with at least one biased strain. Other populations were excluded because there was no way of knowing if they had no biased strain because haplo-lethal alleles were never present or because they disappeared. To test the neutrality of haplo-lethal alleles, we compared the variances in proportions of biased strains between small and large populations using an F-ratio test. We compared the proportion of strains with mating-type bias and the prevalence of infection among species using Kruskall-Wallis tests because the overrepresentation of 0 values led to strongly nonnormal distributions that neither arcsine nor Box-Cox transformations succeeded in normalizing (ShapiroWilk W-test on all populations of all species;
). P ! 0.0001
Results
Populations of M. violaceum from S. latifolia in Essonne
Teliospores were collected from 60 populations of Microbotryum violaceum on Silene latifolia in the Essonne region near Paris (table 1) . Statistical tests were performed on 41 of them; those with more than two collected strains and more than half of the collected strains tested for sex-ratio bias. Of the 587 strains tested, 41 (7%) had a biased sex ratio: 18 biased toward A1, six biased toward A2, 14 were at the teliospore level, and three had a bias whose direction was not examined. For strains biased at the teliospore level, we found roughly equal numbers of A1-and A2-biased colonies. The proportions of strains with a sex-ratio bias differed among populations (log-likelihood ratio test: , , G p 87.13 df p 40 ), and more strains were biased toward A1 than P ! 0.0001 toward A2 when tested against equal null expectation for direction of bias ( , , ). G p 6.28 df p 1 P ! 0.025 The proportion of biased strains decreased weakly but significantly with increasing disease prevalence when considering only strains from populations with at least one biased strain ( , , , ; fig. 2 ).
2 2
x p 6.547 df p 1 P p 0.014 R p 0.028 To determine whether the proportion of biased strains was more extreme in small populations, we split the populations of M. violaceum by their sizes into two groups of about equal representation. The first group comprised the 19 smallest populations (≤10 individuals), and the second group contained the 22 largest populations (110 individuals). The variance of the proportions of biased strains was significantly greater for M. violaceum populations of small size ( , , F p 7.693 df p 18, 21 ; fig. 3) , showing that the proportion of biased P ! 0.0001 strains varied more extremely among small populations and was more homogeneous among large populations.
Populations of M. violaceum in the Alps
In the Alps, teliospores from 106 strains in six populations of Dianthus carthusianorum, 51 strains from four populations of Saponaria officinalis, 20 strains from five populations of Silene vulgaris, 45 strains from three populations of Silene dioica and 13 strains in one population of S. latifolia were collected ( fig. 1 ; table 1) and tested for sex-ratio bias.
Logistic regressions of the proportion of biased strains against disease prevalence were performed for each species for which multiple populations had been sampled as above. 
Comparisons among Host Species
The disease prevalence differed significantly among host species (Kruskall-Wallis test: , , ; 2 x p 10.861 df p 4 P p 0.0282 fig. 4 ), S. vulgaris having a particularly low disease frequency compared with the other species.
The proportions of strains with sex-ratio bias per population also differed significantly among species (Kruskall-Wallis test: , , ; fig. 5 ). Bias was found in 2 x p 30.410 df p 4 P ! 0.0001 46 of the 51 tested strains of S. officinalis, in 75 of 106 tested strains of D. carthusianorum, and in 13 of 20 tested strains of S. vulgaris. But bias was found in only 6 of 45 tested strains of S. dioica and one of the 13 tested alpine strains of S. latifolia, in addition to the strains mentioned above. We could not assign the direction of mating-type bias to M. violaceum strains collected on S. officinalis because their sporidia did not conjugate with either of the A1 and A2 references of S. latifolia. Although we succeeded in isolating sporidia of the two different mating types from S. officinalis, their relationships to A1 or A2 remains unknown. Considering only biased strains, in addition to the above-mentioned Essonne collections from S. latifolia, a total of 76 strains were biased toward A1, three were biased toward A2, 10 were at the level of the teliospore, and five were undetermined across all species other than S. officinalis. The proportions of bias toward A1 for this sample was also significantly greater than toward A2, testing against an equal null expectation (  ,  ,  ) . G p 84.01 df p 1 P ! 0.0001
Comparisons with Previous Studies
Previous studies of sex-ratio bias of M. violaceum on S. latifolia revealed bias in eight of 29 tested strains from the Swiss-German border and 122 of 237 strains tested from Virginia. Proportions of biased strains were different among these two localities and the two localities of the current study (Essonne and Alps) when pooling all strains within localities ( , , ), with an excess of biased G p 196.49 df p 3 P ! 0.0001 strains in Virginia and a lack of biased strains in the Essonne populations. However, variances among the Virginian and Swiss-German populations were high ( fig. 6 ). In these populations as well, there was significantly more bias toward A1 than A2 (126 strains toward A1, three strains toward A2, and four strains at the level of the teliospore; comparing bias toward A1 and A2 versus an equal null expectation, G p , , ) . 150.34 df p 1 P ! 0.0001
Discussion
Disease prevalence was very different among populations of Silene latifolia, and the proportions of biased strains varied greatly across populations of Microbotryum violaceum from S. latifolia. Our results showed that there was a significant negative relationship, though with a very weak R 2 , between the proportion of strains with a sex-ratio bias and disease prevalence in the Essonne populations of M. violaceum from S. latifolia, as well as in alpine populations from Dianthus carthusianorum (the relationship was not significant for the other host species). This trend is opposite the one predicted by our second hypothesis: If two strategies coexist in M. violaceum populations, with some individuals producing many sporidia giving many dikaryons and thus a high infection probability after this period of haploid cell proliferation, and other individuals performing quick intrapromycelial conjugation with a lower infection probability but a time advantage in competition with the first strategy, haplo-lethal alleles would be neutral in individuals with the second strategy. The second strategy is expected to be advantageous in populations where , Wilcoxon pair test on ranks). P ! 0.05 interstrain competition is high (in experimental inoculations, the first strain allowed to initiate infection on a plant wins the competition in the great majority of cases; Hood 2003) and selected against in populations with low competition. Haplolethal alleles can therefore be maintained under this hypothesis only in populations with high interstrain competition. The intensity of competition is linked to the probability that different strains are deposited on a healthy plant, and this has been shown to depend on the frequency of infected plants in the population (disease prevalence) in the M. violaceum-Caryophyllaceae system and not to the number of diseased plants , as expected in vector-transmitted diseases (Getz and Pickering 1983) . This hypothesis therefore predicts a positive regression of bias proportion against disease prevalence. On the contrary, we found a negative trend, which therefore contradicts the hypothesis of neutrality of haplo-lethal alleles in the exclusive conditions of high competition.
Small fungal populations showed higher variance for the proportion of biased strains than did large populations. These results fit perfectly with the prediction of complete neutrality of haplo-lethal alleles: If only mutation rate and genetic drift play a role in haplo-lethal alleles frequencies, their frequency should be either very low or very high in small populations and more homogeneous in large populations. The first hypothesis (a diploid advantage of haplo-lethal alleles counterbalancing their haploid deleterious effect) is not distinguishable from the third hypothesis (complete neutrality of haplo-lethal alleles) if both effects are exactly balanced, but there is no reason to expect such a diploid advantage, and complete neutrality appears therefore as more parsimonious. Moreover, it also fits well with the observations by Hood and Antonovics (2000) that, in vivo, intrapromycelial conjugations are the most frequent, even for strains with nonbiased sex ratio.
Within populations with biased strains, the proportions of sex-ratio bias toward A1 were significantly higher than sexratio bias toward A2 in M. violaceum strains from S. latifolia, as well as from all the other species, and the same trend was observed in previous studies. This can also be explained by the hypothesis of recurrent haplo-lethal mutations driven by genetic drift. Garber and Ruddat (2000) indeed suggested that haplo-lethal alleles were caused by recurrent insertions of transposable elements. As sexual chromosomes carry totally different genes in close species of M. violaceum, as Ustilago spp. (Kronstad and Leong 1990; Bö lker et al. 1992; Lee et al. 1999) , it is possible that the rate of creation of mating type-linked haplo-lethal alleles by insertion of a transposable element could be more frequent in the A2 sex chromosome than in the A1 sex chromosome. If the natures of genes present in the two sexual chromosomes are indeed completely different, there could be more genes in the A2 chromosome that can be disrupted to have a lethal effect in the haploid stage than in the A1 chromosome. This fits well with the idea of recurrent haplo-lethal mutations driven by genetic drift. On the contrary, if there are indeed numerous haplo-lethal alleles corresponding to several different insertions of transposable elements, it appears difficult to think of how a common "diploid advantage" could be associated to all the haplo-lethal alleles.
For strains biased at the teliospore level, we found roughly equal numbers of A1-and A2-biased colonies, as expected by the segregation of haplo-lethal alleles present near contromeres on other chromosomes than the one carrying the mating-type gene. Such haplo-lethal alleles can only be maintained by intratetrad matings because matings between two different meiotic tetrads (automixis) will lead to the loss of the heterozygous condition. The common occurrence of lethal alleles linked to a nonmating-type centromere found in this study on several host species therefore supports the previous suggestions of frequent intratetrad mating in M. violaceum (Hood and Antonovics 2000) .
Disease prevalence and proportions of strains expressing a biased sex ratio were found to be significantly different among host species. Several factors can account for one or both of these differences. First, stability of populations varies greatly among the studied host species, with S. latifolia and its fungus being subject to common local extinctions (Antonovics et al. 1995) , whereas D. carthusianorum populations appear more long-lived and stable. We had no appropriate sampling to test for this factor, but stability of populations may play an important role in disease prevalence and dynamics (Thrall and Jarosz 1994b) and thereby in maintenance of haplo-lethal alleles by generating more or less drift. Second, the different plant species have different pollinators, whose different behaviors may influence disease transmission as well as the probability that two different fungal strains are deposited on the same plant. Third, phenology of the different plants (e.g., dioecy versus hermaphroditism, flower number and size, and flowering time and length) can also have an influence on the disease prevalence and on the probability to receive several visits of pollinators and thus several fungal strains. Fourth, the ecology of the plant species also varies greatly, and humidity and temperature of their environment may have a strong influence on the success of fungal infections and thus on disease prevalence. The ecology of the host plant may also play a role in the proportion of strains expressing a sex-ratio bias, because environmental conditions such as mesic versus xeric microniches, where the host surface may dry more or less quickly, may be important to the optimal conjugation/ infection rate. Fifth, disease prevalence can also be influenced by the existence of several races of M. violaceum specialized on different hosts and with possible variation in virulence (Biere and Honders 1996; Shykoff et al. 1999; Bucheli et al. 2000) . Finally, variation in disease resistance between and within host species has also been reported Antonovics 1993, 1995; Thrall and Jarosz 1994a; CarlssonGraner 1997; ).
In conclusion, this study supports the hypothesis of complete neutrality of haplo-lethal alleles in natural conditions, but experimental studies are needed to further test alternatives. Experimental infections should provide compelling evidence for the existence or absence of selective advantage of biased strains in competition and/or for the existence or absence of selective advantage of nonbiased strains when alone on a plant. Experimental coinfections with appropriate molecular markers such as microsatellites (Giraud et al. 2002) would also allow determination of whether crosses of M. violaceum in planta are preferentially intratetrad or intertetrad and thus whether haploid lethality is exposed to selection in natural infections. 
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